Abstract. MicroRNAs (miRs) play critical roles in the development and malignant progression of human cancers. miR-148a has previously been found to inhibit the migration and invasion of breast cancer cells. However, the underlying mechanism of miR-148a in regulating the viability and migration of estrogen receptor (ER) α-positive breast cancer cells is still unknown. In this study, ERα-positive breast cancer MCF7 cells were treated with estradiol (E2). Data from MTT and wound healing assays showed that E2 treatment promoted the viability and migration of MCF7 cells.
Introduction
Breast cancer is the most common malignant tumor type in females, and the second most common cancer type worldwide (1) . It is the leading cause of cancer mortality in women, responsible for 14% of all cancer-related fatalities (2, 3) . Notable improvements in the diagnosis and treatment of breast cancer have been made in recent decades, and the mortality rate of this disease has decreased by more than 30% (2, 3) . A better understanding of the molecular mechanisms underlying the malignant progression of breast cancer will be beneficial for improving the efficacy of breast cancer treatment strategies (4) .
Hormone 17-β-estradiol (E2), one of the most prevalent endogenous estrogens, has been found to be involved in physiological and pathological processes, including the development and malignant progression of breast cancer (5) . E2 functions through activation of estrogen receptor (ER) α-mediated signaling pathways, which are involved in the mediation of cell proliferation, differentiation and migration, as well as homeostasis (6) (7) (8) . Almost 70% of breast cancers are ERα positive (9) , thus ERα has been developed into a therapeutic target for breast cancer (10, 11) . For instance, tamoxifen is a selective ER modulator and represents the standard treatment for the majority of breast cancer patients (9) . However, the regulatory mechanism of ERα expression in breast cancer is still largely unknown.
MicroRNAs (miRs) are endogenous non-coding RNAs that can suppress gene expression by directly binding to the 3'untranslated region (3'UTR), causing translation inhibition or mRNA degradation (12) . They have been demonstrated to play crucial roles in various biological processes, such as cell proliferation, differentiation, apoptosis and migration, as well as tumorigenesis (13, 14) . Moreover, the development and malignant progression of breast cancer is tightly associated with gene mutation and deregulation, as well as epigenetic mechanisms including miRs (15, 16) . Previously, downregulation of miR-148a has been implicated in breast cancer (17, 18) and found to inhibit the migration and invasion of breast cancer cells (19, 20 (20) . However, to the best of our knowledge, the exact role of miR-148a in ERα-positive breast cancer remains unclear. In the present study, we aimed to reveal the underlying mechanism of miR-148a in mediating E2-induced viability and migration of ERα-positive breast cancer cells. MTT assay. An MTT assay was used to examine cell viability. MCF7 cells (5,000 per well) were cultured in a 96-well plate. Each well contained 100 µl fresh serum-free DMEM with 0.5 g/l MTT. Following an incubation at 37˚C for 0, 12, 24, 48 or 72 h, the medium was removed by aspiration and 50 µl dimethyl sulfoxide (5 mg/ml; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was added to each well. After incubation at room temperature for 10 min, formazan production was detected by measuring the optical density at 570 nm using an AIA 600II Automated Enzyme Immunoassay Analyzer (Tosoh Corporation, Tokyo, Japan).
Materials and methods

Cell
Wound healing assay. A wound healing assay was used to examine cell migration. MCF7 cells were cultured at 37˚C with 5% CO 2 to full confluence in 6-well plates. Wounds of ~1 mm width were created with a plastic scriber. After that, cells were washed with phosphate-buffered saline (PBS) and incubated at 37˚C with 5% CO 2 for 48 h. Then, the wounds were observed and photographed under an Eclipse Ti-E inverted microscope (Nikon Corporation, Tokyo, Japan).
Cell transfection. MCF7 cells were transfected with a scrambled miR mimic (Yearthbio, Changsha, China) as a negative control (miR-NC), an miR-148a mimic (Yearthbio), a negative control inhibitor (Yearthbio), an miR-148a inhibitor (Yearthbio), ERα siRNA (Yearthbio) or pcDNA3.1-ERα ORF plasmid (Yearthbio) using Lipofectamine ® 2000 (Thermo Fisher Scientific, Inc.), in accordance with the manufacturer's protocols. Transfection efficiency was measured using reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blotting as follows.
RT-qPCR assay. Total RNA from MCF7 cells was isolated using Trizol reagent (Thermo Fisher Scientific, Inc.), according to the manufacturer's instructions. Total RNA was reverse transcribed using the RevertAid Reverse Transcription kit (Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. Then, qPCR was conducted using the SYBR-Green miScript PCR kit (Qiagen, Inc., Valencia, CA, USA) and a Roche LightCycler 480 PCR machine (Roche Diagnostics, Basel, Switzerland). All primers were purchased from Sangon Biotech Co., Ltd. (Shanghai, China). The primers for ERα were: Forward, 5'-CCC ACT CAA CAG CGT GTC TC-3' and reverse, 5'-CGT CGA TTA TCT GAA TTT GGC CT-3'. The primers for GAPDH were: Forward, 5'-ACA ACT TTG GTA TCG TGG AAG G-3' and reverse, 5'-GCC ATC ACG CCA CAG TTT C-3'. The reaction conditions were: 95˚C for 10 min, followed by 45 cycles of 95˚C for 15 sec and 60˚C for 30 sec. The relative mRNA expression of ERα was normalized against that of GAPDH. The relative expression of miR-148a was normalized against that of U6. The relative expression was analyzed by the 2 -ΔΔCq method (21) .
Western blot analysis. Cells were lysed using RIPA buffer (Beyotime Institute of Biotechnology, Shanghai, China). The concentration of protein was quantified using the Pierce BCA Protein Assay kit (Thermo Fisher Scientific, Inc.). After that, proteins (50 µg) were separated using 10% SDS-PAGE gels (Beyotime Institute of Biotechnology) and blotted onto a polyvinylidene difluoride (PVDF) membrane (Life Technologies, Grand Island, NY, USA), which was then blocked with 5% non-fat dried milk (Mengniu, Beijing, China) in PBS with Tween (PBST; Beyotime Institute of Biotechnology) overnight at 4˚C. The PVDF membrane was then incubated with rabbit monoclonal anti-human ERα antibody (1:100; ab32063; Abcam, Cambridge, MA, USA), or rabbit monoclonal anti-human GAPDH antibody (1:100; ab9485; Abcam) antibody at room temperature for 3 h. After being washed with PBST three times, the PVDF membrane was incubated with goat anti-rabbit horseradish peroxidase-conjugated secondary antibody (1:5,000; ab7090; Abcam) for 40 min at room temperature. Chemiluminescent detection was performed with an ECL kit (Thermo Fisher Scientific, Inc.). The relative protein expression was determined using Image-Pro plus software version 6.0 (Media Cybernetics, Inc., Rockville, MD, USA), represented as the density ratio vs. GAPDH.
Bioinformatics analysis and luciferase reporter assay. TargetScan 3.1 online software (Whitehead Institute for Biomedical Research, Cambridge, MA, USA) was used to analyze the putative target genes of miR-148a (22) . A wild type (WT)-or mutant type (MT)-ERα 3'UTR was inserted downstream of the luciferase reporter gene in a pMIR-REPORT vector (Yearthbio), generating a WT-ERα-3'UTR reporter vector or MT-ERα-3'UTR reporter vector, respectively. HEK293 cells were co-transfected with miR-148a mimic (Yearthbio) or miR-NC (Yearthbio), a WT-ERα-3'UTR or MT-ERα-3'UTR reporter vector, and pRL-SV40 (Promega Corporation, Madison, WI, USA) expressing Renilla luciferase using Lipofectamine ® 2000 according to the manufacturer's protocol. Following incubation at 37˚C with 5% CO 2 for 48 h, the luciferase activities were measured using the Dual-Luciferase Reporter Assay System (Promega Corporation), according to the manufacturer's instructions.
Statistical analysis. Data are expressed as the mean ± standard deviation of three independent experiments. The Student's t-test was used to compare differences between two groups. One-way analysis of variance was used to analyze differences among more than two groups. Statistical analysis was conducted using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA) and P<0.05 was considered to indicate a statistically significant difference.
Results
E2 treatment promotes MCF7 cell viability and migration.
It has been well established that MCF7 is an ERα-positive breast cancer cell line (23) . In the current study, MCF7 were treated with E2 (1 mM) for 3 h, followed by analyses of cell viability and migration. MTT assay data indicated that MCF7 cell viability was significantly increased following treatment with E2 for 48 h (P<0.05) or 72 h (P<0.01), as compared with the control group (Fig. 1A) . Furthermore, wound healing assay data showed that E2 treatment also upregulated the migration of MCF7 cells at 48 h, when compared to the control group (P<0.01; Fig. 1B) . These results suggest that E2 activates ERα-mediated viability-and migration-related signaling pathways in MCF7 cells.
ERα is a direct target of miR-148a.
As the function of E2 is through activation of ERα-mediated downstream signaling, a bioinformatics search was conducted for putative miRs that directly target ERα. As indicated in Fig. 2A and B, ERα was predicted to be a direct target of miR-148a, and the targeting relationship was evolutionarily conserved. In order to examine this targeting relationship, the WT-or MT-ERα-3'UTR was inserted downstream of the luciferase reporter gene in a pMIR-REPORT vector (Fig. 2C and D) . A luciferase reporter assay demonstrated that transfection with the miR-148a mimic significantly reduced the luciferase activity in HEK293 cells transfected with WT-ERα-3'UTR reporter vector, but not in cells transfected with MT-ERα-3'UTR reporter vector, when compared to the control group (P<0.01; Fig. 2E ). These findings indicated that ERα was a direct target of miR-148a.
miR-148a negatively regulated the protein expression of ERα in MCF7 cells. As miRs most often inhibit the expression of their target genes at the post-transcriptional level, the effects of miR-148a upregulation and downregulation on the protein level of ERα in MCF7 cells were evaluated. MCF7 cells were transfected with miR-NC, miR-148a mimic, NC inhibitor, or miR-148a inhibitor. After transfection, qPCR was used to evaluate the level of miR-148a expression in each group. As indicated in Fig. 3A and B, transfection with an miR-148a mimic significantly increased the level of miR-148a expression, while transfection with an miR-148a inhibitor significantly decreased the level of miR-148a expression in MCF7 cells as compared with the control group (P<0.01 for both).
Next, a western blot analysis was conducted to determine the protein level of ERα. Overexpression of miR-148a significantly reduced the level of ERα protein (Fig. 3C) , while knockdown of miR-148a significantly increased the level of ERα protein in MCF7 cells, as compared with the control (P<0.01 for both; Fig. 3D ). In addition, neither miR-148a upregulation nor downregulation affected the mRNA expression of ERα in MCF7 cells (Fig. 3E and F) . These results suggested that miR-148a negatively regulated the expression of ERα at the post-transcriptional level in MCF7 cells.
miR-148a overexpression or ERα knockdown inhibits
E2-induced MCF7 cell viability and migration. As E2 functions through activation of ERα-mediated signaling, it was examined whether miR-148a could affect E2-induced MCF7 cell viability and migration. MCF7 cells with or without miR-148a overexpression were treated with E2 for 3 h. An MTT assay was then used to examine the cell viability in each group. It was found that the viability rate of miR-148a-overexpressing cells was significantly reduced at 48 and 72 h, as compared with the control group (P<0.01; Fig. 4A ). A wound healing assay showed that the scratch width for miR-148a-overexpressing cells was significantly larger at 48 h compared with the control group, indicating that the migration rate of miR-148a-overexpressing cells was significantly reduced (P<0.01; Fig. 4B ). In order to investigate the underlying mechanism of miR-148a further, MCF7 cells were transfected with ERα-specific small interfering RNA (siRNA), which significantly decreased the protein level of ERα as compared with the control (P<0.01; Fig. 4C ). MCF7 cells with or without ERα knockdown were treated with E2 for 3 h. An MTT assay showed that the viability of MCF7 cells was significantly decreased after knockdown of ERα for 48 or 72 h, when compared to the control group (P<0.01; Fig. 4D) . A wound healing assay showed that the scratch width for MCF7 ERα-knockdown cells was significantly larger at 48 h compared with the control group, indicating that the migration rate of MCF7 cells was significantly decreased after knockdown of ERα (P<0.01; Fig. 4E ). These results suggest that both miR-148a overexpression and ERα knockdown result in suppressed E2-induced viability and migration of MCF7 cells.
miR-148a inhibits E2-induced MCF7 cell viability and migration via inhibition of ERα expression.
In order to investigate whether the effects of miR-148a on E2-induced MCF7 cell viability and migration were through directly targeting ERα, MCF7 cells were co-transfected with miR-148a mimic and ERα ORF plasmid. A western blot analysis showed that the protein level of ERα was significantly higher in cells co-transfected with miR-148a mimic and ERα ORF plasmid, when compared with cells transfected with miR-148a mimic alone (P<0.01; Fig. 5A ). This indicated that transfection with ERα ORF plasmid rescued the suppressive effect of miR-148 on the protein expression of ERα in MCF7 cells. Next, MCF7 cells in each group were treated with E2 for 3 h, and MTT and wound healing assays were performed. The viability of MCF7 cells was significantly increased in cells at 24, 48 and 72 h after co-transfection with miR-148a mimic and ERα ORF plasmid, as compared with miR-148a-overexpressing cells without plasmid (P<0.01; Fig. 5B ). In a wound healing assay, the scratch width of MCF7 cells at 48 h after co-transfection with miR-148a and ERα ORF plasmid was significantly smaller compared with miR-148a-overexpressing cells without plasmid, indicating that the migration rate of was significantly increased (P<0.01; Fig. 5C ). These results suggest that miR-148a inhibits E2-induced MCF7 cell viability and migration via inhibition of ERα expression.
E2 treatment decreases the expression of miR-148a in MCF7
cells. The effect of E2 treatment on the expression of miR-148a in MCF7 cells was examined using qPCR. It was found that E2 treatment decreased the miR-148a levels in MCF7 cells in a dose-dependent manner (Fig. 6) . A dosage of 1 mM significantly reduced miR-148a expression as compared with the control (P<0.01). Furthermore, a dosage of 10 mM significantly reduced miR-158a expression as compared with a dosage of 1 mM. These results suggest that E2 treatment decreases miR-148a expression, which increases the ERα protein level in MCF7 cells. Through activation of ERα-mediated downstream signaling, E2 treatment induces the viability and migration of breast cancer cells.
Discussion
The present study investigated the function and underlying mechanism of miR-148a in mediating the E2-induced viability and migration of ERα-positive breast cancer MCF7 cells. The results showed that treatment with E2 significantly enhanced the viability and migration of MCF7 cells. miR-148a was found to negatively regulate the protein expression of ERα in MCF7 cells through directly binding to the 3'UTR of ERα mRNA and thus causing translation inhibition. Ectopic expression of miR-148a significantly suppressed the E2-induced viability and migration of MCF7 cells, similar to the effect of ERα knockdown. Furthermore, overexpression of ERα rescued the suppressive effect of miR-148a on E2-induced viability and migration of MCF7 cells. Finally, treatment with E2 was found to suppress miR-148a expression in MCF7 cells in a dose-dependent manner.
ERα, coded by gene ESR1, is a ligand-activated transcription factor composed of several domains important for hormone binding, DNA binding and activation of transcription (24) . ERα localizes to the nucleus where it may form a homodimer or a heterodimer with ERβ (25) . It has previously been demonstrated that E2 and ERα are essential for sexual development and reproductive function, and are involved in some human cancers such as breast cancer and endometrial cancer (26) (27) (28) . In the present study, treatment with E2 promoted the viability and migration of ERα-positive breast cancer MCF7 cells. Therefore, the E2/ERα-mediated signaling pathway is a promising target in the treatment of ERα-positive breast cancer. Shang et al demonstrated that baicalein could inhibit E2-induced migration, adhesion and invasion of breast cancer cells via the G-protein-coupled receptor 30 signaling pathway (29) .
Furthermore, treatment with E2 has previously been found to cause deregulation of many miRs during the mammary carcinogenesis process (30) , suggesting that miRs may play a role in breast cancer. For instance, miR-125b was found to be significantly upregulated in breast cancer, and its upregulation was associated with poor prognosis and aromatase inhibitor resistance (31) . miR-200b was reported to be downregulated in breast cancer, and its low expression was correlated with late Tumor, Node, Metastasis stages, negative ER and positive HER-2 statuses, and poor prognosis (32) .
miR-148a has been demonstrated to serve a suppressive function in multiple cancer types (33, 34) . For instance, miR-148a was downregulated in gastric cancer due to hypermethylation in its promoter region (35) . Furthermore, miR-148a was found to regulate numerous target genes and pathways involving tumor proliferation, invasion and metastasis (35) . It is also significantly downregulated in non-small cell lung cancer (NSCLC) compared to adjacent non-cancerous lung tissues, and its low level is significantly associated with lymph-node metastasis (36) . In addition, it can suppress epithelial-to-mesenchymal transition by targeting ROCK1 in NSCLC cells (36) . In the present study, ERα was found to be a direct target gene of miR-148a, and its expression was negatively regulated by miR-148a at the post-transcriptional level in MCF7 cells. To further reveal the role of miR-148a in ERα-positive breast cancer, MCF7 cells were transfected with miR-148a mimic to increase its expression level. Overexpression of miR-148a suppressed the E2-induced viability and migration of MCF7 cells. Moreover, siRNA-induced ERα downregulation also inhibited the E2-induced MCF7 cell viability and migration, similar to the effect of miR-148a upregulation. These results suggested that miR-148a affected the E2-induced MCF7 cell viability and migration through inhibiting the protein expression of ERα. To verify this, ERα ORF plasmid was transfected into miR-148a-overexpressing MCF7 cells. The resulting overexpression of ERα reversed the suppressive effect of miR-148a effect on E2-induced MCF7 cell viability and migration. Therefore, ERα has been demonstrated to be involved in the miR-148a-mediated viability and migration of MCF7 cells treated with E2.
In addition, it was found that treatment with E2 decreased the miR-148a levels in MCF7 cells in a dose-dependent manner. This indicated that E2 treatment not only activates the ERα-mediated viability and migration-related signaling in MCF7 cells, but also increases the ERα protein level via inhibition of miR-148a expression.
In conclusion, the present study demonstrates that miR-148a inhibits the E2-induced viability and migration of ERα-positive breast cancer cells, at least partly via inhibition of ERα protein expression. These findings expand the understanding of miR function in breast cancer, and suggest that miR-148a is a promising candidate for the treatment of ERα-positive breast cancer.
